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Abstract: (Tl2O3)30-(Li2O)10-(B2O3)(60−y)-(Sm2O3)y glass system with various Sm2O3 additives
(y = 0, 0.2, 0.4, 0.6) was studied in detail. The vibrational modes of the (Tl2O3)30-(Li2O)10-(B2O3)(60−y)
network were active at three composition-related IR spectral peaks that differed from those mixed
with Samarium (III) oxide at high wavenumber ranges. These glass samples show that their per-
meability increased with the Samarium (III) oxide content increase. Additionally, the electronic
transition between localized states was observed in the samples. The MAC, HVL, and Zeff values for
radiation shielding parameters were calculated in the energy range of 0.015–15 MeV using the FLUKA
algorithm. In addition, EBF, EABF, and ΣR values were also determined for the prepared glasses.
These values indicated that the parameters for shielding (MAC, HVL, Zeff, EBF, EABF, and ΣR) are
dependent upon the Samarium (III) oxide content. Furthermore, the addition of Samarium (III) oxide
to the examined glass samples greatly reinforced their shielding capacity against gamma photon.
The findings of the current study were compared to analyses of the XCOM software, some concretes,
and lead. In the experiment, it was found that the SMG0.6 glass sample was the strongest shield.
Keywords: Sm-B2O3 glass; optical property; radiation attenuation property; MC simulation
1. Introduction
Radioactivity is created by naturally occurring radioactive sources. These radioactive
sources are found in the Earth’s crust (soil, air, water, plants, and other creatures). Ra-
dioactivity is emitted by human activity and is used in various fields, such as medicine,
industry, agriculture, livestock, daily-use products, research, and nuclear power [1]. Since
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radiation was first identified as harmful to humans, scientists began to take precautions
against it, especially penetration by higher intensity gamma radiation. A radiation dosage
should be kept as low as possible; for this purpose, dense shielding fabrics have been
used for hazardous waste, industrial waste, and biological waste. The most frequently
used metal is lead because of its density and high atomic number. There are various types
of lead material, such as dust and glass [2]. Pure Pb is smooth and hard, but its major
disadvantages include toxicity, weight, and secondary ionizing radiation. Since lead is not
biologically inert, its toxic effect cannot be eliminated. The evolution of high-performance
radiation facilities is critical for radiation protection, especially for consolidated systems
and mobile equipment such as naval nuclear propulsion systems, wagon-mounted neutron
sources, space-based nuclear power reactors, and other sophisticated nuclear systems [3,4].
The main purpose of using a radiation shield is to reduce radiation emission and, for this
reason, a shield must be put around nuclear facilities [5]. Since space in nuclear facilities is
limited, the shield must be reinforced, light, and specific [6]. Major factors in the physical
features of materials are their chemical composition, bonding forces, and density [7]. As
concrete has various benefits (ease of fabrication and low cost), it is widely used for ra-
diation safety. Unfortunately, these materials are prone to cracking over time due to the
stresses generated by stretching. Moreover, these cracks are invisible [8]. Glass materials
have been suggested as an alternative material for protection from radiation because they
resist the defects in lead materials. Glass materials stand out in many applications due to
their high transparency, high chemical resistance, and good radiation-protection properties.
Because of their super absorption of gamma radiation, glass materials that contain lead (Pb)
are commonly used in radiation safety applications [9]. However, as Pb is environmentally
and biologically harmful, glass products without Pb must be used as a substitute [10].
Glass-forming oxides like borates are commonly used in technological applications. Borate
is one of the top mineral glass materials, as it helps glass solidify and improve glass quality
through improved clarity, refractive index, and rare earth ion solubility and hardness.
Samarium (Sm), a rare-earth ion, can be used as an additive in various crystal hosts and
can also be utilized as a glass host for intense emissions in the visible region. Samarium
has a high neutron absorption capacity. On the other hand, Li2O-Lithium oxide, one of the
oxides used in glassmaking, is a plasticizer. Li2O is especially preferred in the production
of special glasses and is widely used as a regulator in glass production. In addition, Tl2O3
has photocatalytic and thermochromic properties. It absorbs visible light, has a moderate
electrical conductivity, and can function as a transparent conductor [11]. Therefore, the
Sm2O3-B2O3-Tl2O3-Li2O glass sample has been investigated as a potentially promising
glass system in gamma ray and neutron radiation shielding. All technical details of the
study and its experimental and theoretical basis are explained later in this article. It should
be emphasized that the findings of this study may be applicable to future uses of the glass
types tested and investigated for nuclear radiation protection. In addition, as can be clearly
seen from the obtained results, the positive effect of Samarium (III) oxide addition on the
nuclear shielding performances of the examined SMG0.0, SMG0.2, SMG0.4, and SMG0.6
glass samples are understood more clearly.
2. Methods and Materials
Glass samples in the (Tl2O3)30-(Li2O)10-(B2O3)(60−y)-(Sm2O3)y system, where y values
are given as 0, 0.2, 0.4, and 0.6 wt.%, were equipped by use of melt quenching technique at
1200 ◦C in an electric furnace in a porcelain pot. After this, the dry oxygen was bubbled for
2 h. Then, these mixtures were poured into stainless steel molds and allowed to cool to
form flat, round shapes. After the quenching process was completed, the glasses had to be
cooled to room temperature. Initially, annealing was carried out at a temperature under
the transition temperature of the proposed glass system for 3 h at 300 ◦C to reduce thermal
stress (Figure 1).




Figure 1. Fabricated (Tl2O3)30-(Li2O)10-(B2O3)(60−y)-(Sm2O3)y glass system. 
The Archimedes principle was used to determine the molar volume and density of 
the processed samples. The weight measurements of these samples were produced in tol-
uene and air (at room temperature ρliq = 0.866 g/cm3) with a 4-digit precision microbalance. 
At room temperature, the absorbance (A) value was determined using a Shimadzu UV-
2101 spectrometer (Kyoto, Japan) over a wavelength range of 190–1100 nm. FLUKA is one 
of the Monte Carlo radiation transport programs [12]. It is a multipurpose Monte Carlo 
program developed to calculate particle transport and the interaction of particles with 
matter. FLUKA has the ability to simulate electromagnetic and hadronic interactions and 
particle transport in any target material. Each command contains one or more lines [13]. 
This line is also called the card. Each geometric region is covered with a homogeneous 
material or vacuum; the materials can be simple elements or compounds. In the entry file, 
the materials are identified with the MATERIAL entry card. Here, the atomic number of 
the materials, their atomic mass, density, and the name of the material are given. If the 
material used is a compound, the COMPOUND card must be attached to the MATERIAL 
card. The density, name, and number of the compound are then written to the entry file. 
The purpose of FLUKA and similar Monte Carlo simulation codes is to analyze the inter-
actions of charged particles or radiation with matter. The interactions of primary particles, 
entering the system by passing through various materials, are calculated individually dur-
ing the simulation and obtained depending on the ‘detector’ cards specified in the user’s 
input file. A cylindrical-shaped NaI scintillation detector (3 inches × 3 inches) was put in 
a Pb-cylindrical collimator with an outer diameter of 12 cm, an interior diameter of 0.2 cm 
and a length of 13 cm. There are many types of detectors in FLUKA; USRBDX, USRBIN, 
USRTRACK, USRYIELD are the most widely used detector types. A USRTRACK score-
card defined the NaI area as the track length variation. USRTRACK is used to obtain en-
ergy spectra depending on each track length selected during the tracking of particles 
within a region. It is also possible to determine the average differential flux of particles 
within the region. According to the statistical error (<1%), the total number of primary 
photons simulated ranged between 10 and 20 million. The scattering of a photon inside 
the volume of the detector was determined using a USRBIN card. USRBIN is used to cal-
culate the energy stored in a particular region, known as integrated fluxes. It provides 
results with three-dimensional, full-color images. A BEAM card was then used to charac-
terize the particle shape and energy. A BEAM card was created to determine the beam 
source in this investigation to establish a monoenergetic photon (0.2 cm in diameter) at 
energy values of 0.081, 0.356, 0.662, 1.173, and 1.33 MeV. Additionally, a BEAMPOS card 
was created to adjust the beam source direction and location in the plus z-axis. The coor-
dinates of the beam spot center and the beam direction are defined on the BEAMPOS card 
[14–16]. At low energy levels, the photon transmission power reduction was regulated to 
a value of 10−7 GeV using an EMFCUT card. EMFCUT contributes to the determination of 
both the energy thresholds for electron and photon creation in various materials and the 
interruptions in electron and photon transit in specified locations. The cylindrical shape, 
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The Archimedes principle was used to determine the molar volume and density of the
processed samples. The weight measurements of these samples were produced in toluene
and air (at room temperature ρliq = 0.866 g/cm3) with a 4-digit precision microbalance. At
room temperature, the absorbance (A) value was determined using a Shimadzu UV-2101
spectrometer (Kyoto, Japan) over a wavelength range of 190–1100 nm. FLUKA is one
of the Monte Carlo radiation transport programs [12]. It is a multipurpose Monte Carlo
program developed to calculate particle transport and the interaction of particles with
matter. FLUKA has the ability to simulate electromagnetic and hadronic interactions and
particle transport in any target material. Each command contains one or more lines [13].
This line is also called the card. Each geometric region is covered with a homogeneous
material or vacuum; the materials can be simple elements or compounds. In the entry file,
the materials are identified with the MATERIAL entry card. Here, the atomic number of the
materials, their atomic mass, density, and the name of the material are given. If the material
used is a compound, the COMPOUND card must be attached to the MATERIAL card.
The density, name, and number of the compound are then written to the entry file. The
purpose of FLUKA and similar Monte Carlo simulation codes is to analyze the interactions
of charged particles or radiation with matter. The interactions of primary particles, entering
the system by passing through various materials, are calculated individually during the
simulation and obtained depending on the ‘detector’ cards specified in the user’s input
file. A cylindrical-shaped NaI scintillation detector (3 inches × 3 inches) was put in a
Pb-cylindrical collimator with an outer diameter of 12 cm, an interior diameter of 0.2 cm
and a length of 13 cm. There are many types of detectors in FLUKA; USRBDX, USRBIN,
USRTRACK, USRYIELD are the most widely used detector types. A USRTRACK scorecard
defined the NaI area as the track length variation. USRTRACK is used to obtain energy
spectra depending on each track length selected during the tracking of particles within
a region. It is also possible to determine the average differential flux of particles within
the region. According to the statistical error (<1%), the total number of primary photons
simulated ranged between 10 and 20 million. The scattering of a photon inside the volume
of the detector was determined using a USRBIN card. USRBIN is used to calculate the
energy stored in a particular region, known as integrated fluxes. It provides results with
three-dimensional, full-color images. A BEAM card was then used to characterize the
particle shape and energy. A BEAM card was created to determine the beam source in this
investigation to establish a monoenergetic photon (0.2 cm in diameter) at energy values of
0.081, 0.356, 0.662, 1.173, and 1.33 MeV. Additionally, a BEAMPOS card was created to adjust
the beam source direction and location in the plus z-axis. The coordinates of the beam spot
center and the beam dir ction are defined on the BEAMPOS card [14–16]. At low energy
levels, the photon transmission power r duction was regulated to a value of 10−7 GeV
using an EMFCUT card. EMFCUT c ntributes to the determination of both the en rgy
thresholds for el ctron and photon creation in various ma erials and in ruptions in
electron and photon transit in sp cified locations. The cylindrical shape, with a diameter of
4 cm and thick esses a gi g over 0.02–0.2 cm, was empl yed to simulate glass samples.
The samples were sorted based on RPP body shape. The rectangular parallelepiped-
Nanomaterials 2021, 11, 1713 4 of 16
RPP is illustrated by six numbers called X-axis, Y-axis, and Z-axis, and defined by the
perpendicular sides. Best results were achieved using +5 cm and −5 cm values for Xmax
(Ymax) and Xmin (Ymin) [17]. As a consequence, a target material 15 cm in length and
width was developed in varying thicknesses, and it was named Zmax and Zmin. The
detector chamber was then filled with photons that interacted with the sample. A Pb
collimator was added to obscure the scattering photons. However, the FLUKA algorithm
was used to forecast MAC values by obtaining both the number of photons traveling
through the material and the starting photon count in the detector volume. Additionally,
USRBIN was used as a detector card, allowing the estimation of photon flux inside detector
volume (Figure 2).
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3. Results and Discussion
3.1. Investigations on Structural Properties
The vibration-manners of the 60B2O3-30Tl2O3-10Li2O glass system are effective at
three different IR spectral peaks in the high range of wavenumber (Figure 3).
These values are 1035-1643-3434 cm−1, respectively. The wavenumber range between
850–1200 cm−1 is related to the B–O stretching of tetrahedral BO−4 units [18–20]. The peak
absorption of 1643 cm−1 is related to the H–O–H bending mode and crystal water [21]. On
the other hand, wide composite bands near the infrared region (3200–3800 cm−1) originate
from the hydroxyl or B-OH groups found in the samples [22,23]. A new peak representing
Sm-O bonds appeared in the glass system (Tl2O3)30-(Li2O)10-(B2O3)(60−y)-(Sm2O3)y (y = 0.2,
0.4, 0.6) at 2355 cm−1, as shown in Table 1.
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Table 1. IR band of (Tl2O3)30-(Li2O)10-(B2O3)(60-y)-(Sm2O3)y (y = 0, 0.2, 0.4, 0.6) glass samples.
Code SMG0.0 SMG0.2 SMG0.4 SMG0.6 IR Band Assignments Reference
IR band
positions
1035 1049 929 1049 (B–O stretching oftetrahedral BO−4 units)
[24]





3434 3434 3434 3434 B–OH [25]
- 2355 2342 2355 Sm–O [26]
3.2. Investigations on Optical Properties
Figure 4 shows the absorbance of the samples in the(Tl2O3)30-(Li2O)10-(B2O3)(60−y)-
(Sm2O3)y (y = 0, 0.2, 0.4, 0.6) glass system over 400–1100 nm. As seen, absorbance decreases
with increasing Samarium (III) oxide contribution. The transmittance (T) spectra are
shown in Figure 5 to vary depending on the wavelength values in the (Tl2O3)30-(Li2O)10-
(B2O3)(60−y)-(Sm2O3)y (y = 0, 0.2, 0.4, 0.6) glass system with different doping rates. Addi-
tionally, in Figure 5 it is apparent that as Sm2O3 contribution increases the transmittance
values also increase. This increase is observed more clearly at wavelengths longer than
600 nm. In the examined glass samples, an increase of 15% to 30% is observed in the
transmittance values, with the Samarium (III) oxide weight content increasing from 0% to
Nanomaterials 2021, 11, 1713 6 of 16
0.6%. Rare earth oxides have a desired effect on the optical properties in the glassy systems,
as glass transparency increases positively with the ratio of rare earth oxides in the glass.
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The absorption coefficient α of the proposed glass system samples, depending on the





In Equation (1), t shows the film thickness. The modification of the absorption coef-
ficient (α) with incident photon energy (hv) for glass samples in the (Tl2O3)30-(Li2O)10-
(B2O3)(60−y)-(Sm2O3)y system is depicted in Figure 6. As the content of Samarium (III) oxide
in the solution increases, α value decreases, and the edges become extremely energized.
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where αo and Eo are the constant and the width of localized states, respectively. The plots
of ln(α) vs. incident photon energy (hν) (Tl2O3)30-(Li2O)10-(B2O3)(60−y)-(Sm2O3)y (y = 0,
0.2, 0.4, 0.6) glass system are shown in Figure 8. As Samarium (III) oxide contribution
increases in glass samples, there is a decrease in ln(α) values. Additionally, the graphic
demonstrates that the electronic transition between states is accurate in the (Tl2O3)30-
(Li2O)10-(B2O3)(60−y)-(Sm2O3)y glass samples.
3.3. Investigations on Nuclear Radiation Shielding Competencies
Figure 9 illustrates the density values (ρ) of the glass samples as a function of the
Samarium (III) oxide addition. According to the measurements, as Samarium (III) oxide
content increases, an increase is observed in density values. The density variation is
explained by a rise in the amount of high density Sm in glass samples, while the amount
of boron drops. The MAC values of the examined glass samples named SMG0.0, SMG0.2,
SMG0.4, and SMG0.6 in the 0.015–15 MeV photon energy range, as calculated by the XCOM
program, were compared with the FLUKA simulation code, as shown in Figure 10. As
seen in Figure 10, the MAC values drop as photon energy levels increase. Additionally,
a sharp increase in MAC values is found in the low energy zone (0.081 MeV), which is
consistent with the effects of photoelectric supremacy in this range. In addition, cross-
sectional values in this region are proportional to the Z4/E3.5 values [29]. Conversely, as
we move towards the medium energies, a gradual decrease occurs due to the Compton
effect. In addition, as Samarium (III) oxide contribution to glass samples is increased, the
MAC values increase. The obtained results show that the XCOM and FLUKA results were
consistent with each other, and this compliance is shown more clearly in Figure 11. As
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seen in Figure 11, the largest relative discrepancy between FLUKA (simulation) and XCOM
findings is around 8%.
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content increases, an increase is observed in density values. The density variation is ex-
plained by a rise in the amount of high density Sm in glass samples, while the amount of 
boron drops. The MAC values of the examined glass samples named SMG0.0, SMG0.2, 
SMG0.4, and SMG0.6 in the 0.015–15 MeV photon energy range, as calculated by the 
XCOM program, were compared with the FLUKA simulation code, as shown in Figure 
10. As seen in Figure 10, the MAC values drop as photon energy levels increase. Addi-
tionally, a sharp increase in MAC values is found in the low energy zone (0.081 MeV), 
which is consistent with the effects of photoelectric supremacy in this range. In addition, 
cross-sectional values in this region are proportional to the Z4/E3.5 values [29]. Conversely, 
as we move towards the medium energies, a gradual decrease occurs due to the Compton 
effect. In addition, as Samarium (III) oxide contribution to glass samples is increased, the 
MAC values increase. The obtained results show that the XCOM and FLUKA results were 
consistent with each other, and this compliance is shown more clearly in Figure 11. As 
seen in Figure 11, the largest relative discrepancy between FLUKA (simulation) and 
XCOM findings is around 8%. 
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The HVL values of the glass samples SMG0.0, SMG0.2, SMG0.4, and SMG0.6 are
shown in Figure 12 according to the photon energy values and considered Samarium (III)
oxide contributions. These values are also shown in Table 2. It is clear that the change in
HVL values is significantly dependent on the Samarium (III) oxide content. HVL values
decrease as Samarium (III) oxide content increases, as expected. According to the results
obtained, the glass sample SMG0.6 has the lowest HVL value. Conversely, as the energy
values of gamma photons increase, an increase is observed in HVL values. Clearly, the
SMG0.6 glass sample is the most effective of the glass samples considered in this work in
reducing gamma radiation.
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are compared to those of many other materials, as shown in Figure 13. These materials are 
widely used in nuclear applications as protective materials. The brief order of the materi-
als mentioned above can be listed as O-C (ordinary-concrete), lead (Pb), H-S-C (hematite-
serpentine-concrete), I-C (ilmenite-concrete), I-L-C (ilmenite-limonite-concrete), and S-S-
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The HVL values of the SM0.6 glass sample, which has the best shielding performance,
are compared to those of many other materials, as shown in Figure 13. These materials
are widely used in nuclear applications as protective materials. The brief order of the
materials mentioned above can be listed as O-C (ordinary-concrete), lead (Pb), H-S-C
(hematite-serpentine-concrete), I-C (ilmenite-concrete), I-L-C (ilmenite-limonite-concrete),
and S-S-C (steel-scrap-concrete) [31]. As seen in Figure 13, the HVL values of the SM0.6
glass sample are lower than those of HS-C, O-C, I-C, I-L-C, and S-S-C. Compared to lead, it
has better shielding properties.
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The Zeff values, dependent on the photon energy of the examined glass samples, are
given in Figure 14. Zeff values indicate the radiation absorption capacity of a glass sample.
An increase in Zeff values is evident from SMG0.0 to SMG0.6. In addition, Zeff values
behave differently depending on the processes of interactivity between photons and matter.
The Zeff values for glass samples are greater than threshold in the low-energy zone, and
glass sample peaks occur around the Tl K-edge. The Zeff energy dependence decreases
when the crossover approaches the medium and high energy ranges. The Zeff values for the
SMG0.6 glass sample differ in the range of 10 to 33. Appropriate assays were built to collect
Nanomaterials 2021, 11, 1713 12 of 16
data to assess the buildup variables. The differences found in the examined glass samples
are seen in Figures 15 and 16, based on energy values and different penetration depth (1, 5,
10, 20, and 40 mfp). As shown in Figures 15 and 16, three particle-photon interactions
affected the EBF and EABF counts. For the SMG0.0, SMG0.2, SMG0.4, and SMG0.6 samples,
in the low energy region of 0.015 MeV to 0.1 MeV, the EBF and EABF energies are highest
since Tl K-absorption spectrum lies in this region. Although EAF values are steady between
0.2 MeV and 7 MeV energy values, they rise more rapidly after 6 MeV (particularly at
high penetration depths). It is demonstrated that at intermediate energies where Compton
scattering occurs, the EBF and EABF glass sample values change proportionally to Zeq
(Figures 15 and 16.) Photon buildup is small for an SMG0.6 glass sample with maximum
Zeq values. Between 7 MeV and 15 MeV, the EBF and EABF values of the examined samples
increased more rapidly, owing to the dominance of pair production and its dependence on
Z2 [32]. Figures 15 and 16 display substantially higher EBF and EABF values as penetration
depth (1–40 MFP) increases. This suggests an improved sample thickness in secondary
photons. The SM0.6 sample has the minimum EBF and EABF values at moderate energy,
which is critical for radiation applications, while the SMG0.0 sample exhibited the highest.
This demonstrates that the sample SMG0.6 is more successful at absorbing gamma radiation
than other samples.
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